In-situ evaluation of the response of seafloor sediments to passive dynamic loads, as well as spectral analyses of earthquakes are presented in this investigation. Horizontal-tovertical (H/V) spectral ratios are used to characterize the local sediment response in terms of the distribution of ground motions with their respective resonant frequencies. Both ambient noise and distant earthquakes are used as generators of passive dynamic loads. 1-D wave propagation modeling using the stiffness matrix method is used to estimate sediment properties (mainly shear stiffness, density and material damping) and theoretical amplification factors of the shallow sediment layers. The objectives in this study were fourfold: first, to characterize the spectral characteristics of earthquake signals recorded in the seafloor at an experimental site in the Gulf of Mexico (GOM); second, to characterize the local site effect produced by shallow marine sediments at the GOM experimental site; third, to characterize the site in terms of its physical properties (layering and sediment properties); and fourth, to estimate the transfer functions of the top 50-m (164 ft) of soil and of each layer in the discrete soil model.
INTRODUCTION
This work addresses the problem of site and sediment characterization, as well as analysis of local site effects resulting from dynamic excitations in marine environments. In addition, an inexpensive alternate exploration and data processing method, for characterizing sites and shallow marine sedimentary layers (top 50-m, 164 ft), applicable in shallow and deep waters, is proposed. In designing critical and/or strategic facilities, estimating local site effect on ground motion is an important step that requires contributions from earthquake engineering, seismology and geotechnical engineering. We must define which parameters of ground motion are most critical, what the input field is, and how to characterize a site physically. Detailed knowledge of the site conditions in terms of its geometry, topography, sediment thickness, velocity, density and damping is essential to fully describe the site effect and to thereby facilitate safe secure construction on the seafloor. Our objectives were: (a) to characterize the dynamic site response in terms of its spectral characteristics from in-situ recorded earthquakes on the GOM seafloor, (b) to determine the local site effect produced by shallow marine sediments in the GOM, (c) to characterize the site in terms of its physical properties, and (d) to estimate the transfer function of the top 50 m (164 ft) modeled soil system and of each individual layer of the discrete soil model.
During the summer of 1999, the Institute for Geophysics at the University of Texas at Austin (UTIG) conducted an experiment in deep water of the Gulf of Mexico with a prototype Broad-Band Ocean Bottom Seismograph (BBOBS) developed at the UTIG. The test site, located in the middle of a basin in the mid-slope of the northwestern Gulf of México, was selected for deployment based on the following considerations: (i) it was within easy reach, approximately 150 nautical miles ESE from Port Aransas, Texas, (ii) it is flat over a sufficiently broad area to accommodate the instrument; (iii) the area has sedimentary evidence of recent structural activity, likely to have been caused by tectonically active salt domes (Satterfield and Behrens [1] ; Bill Behrens, personal communication); (iv) it is near one of the teleseismically determined earthquake epicenters in the central and northern Gulf of México (Frohlich [2] ); and (v) it is on the mid-continental slope, deep enough not to worry about the instrument being caught in a fishing net. Figure 1 show the location of the GOM experimental site as well as the on land experimental sites later to be described. 
INSTRUMENTATION
In this study, a three-component PMD-2123 broadband sensor was used in UTIG's ocean bottom seismograph (OBS) package. Rather than the traditional force-balance pendulum design, the PMD sensor is based on a molecular-electronic transducer (MET), which offers for our application: portability, very low power consumption, tolerance to tilt up to 5 degrees, and wide-band frequency response. The instrument's low cost and autonomous operation (for continuous periods of several months) make it useful not only for regional and teleseismic broadband seismology but also for the characterization of local site effects of marine layered systems.
CHARACTERISTICS OF PMD SENSOR AND UTIG OBS RECORDING PACKAGE
The most innovative characteristics of the broadband PMD sensor are, in addition to the ones previously mentioned, are: (i) it uses an MET as the "mechanism" to detect the ground motions (hence, there are "no mechanical parts in the system"); (ii) the system is completely sealed, isolating it from variations of atmospheric pressure; and (iii) its dimensions and weight are 17.8 cm in diameter by 11.8 cm in height, and 4.5 kg, respectively. The nominal sensitivity (gain constant) of the sensor is 1500 V/(m/s), and the seismometer's response is flat to velocity at frequencies ranging from 0.033-50 Hz. The UTIG OBS recording package has fourth-order Butterworth anti-alias filters and a low-pass cut-off frequency that can be set by plugin resistor blocks for the requirements of the experiment. The amplifier gain is dynamically adjusted by software instructions to utilize the full range of a 14-bit analog-to-digital converter (ADC), yet clipping of large-amplitude signals is avoided. The ADC is thus equivalent to 21-bits with a maximum range of 10 Vpp. The internal TXCO clock is accurate to two parts in 10 -7 and tends to drift quite linearly at the nearly constant temperature on the seafloor. Figure 2 shows the UTIG BBOBS.
A complete description of the UTIG OBS characteristics can be found in Nakamura and Garmany [3] , and Pulliam et al. [4] . From Huerta et al [8] DATA AQUISITION Before the Gulf of Mexico experiment performance, a series of tests were performed on land and inland lake during the first half of 1999 (at Hockley (HKT), Austin (ATX), and Lake Travis, Texas), to evaluate the operability and functionality of this prototype BBOBS. Figure 1 show the location of these on land experimental sites.
The Hockley seismic station (HKT) consists of a Streckeisen STS-1 seismometer operated with a 24-bit Quanterra Q680 digitizer and is a member of Incorporated Research Institutions for Seismology's Global Seismic Network (IRIS GSN) and the United States Geological Survey's Advanced National Seismic System (USGS ANSS). Detailed results from the side-by-side experiment carried out at the Hockley seismic station comparing the BBOBS and HKT records were documented by Pulliam et al. [4] . The essential features are consistent between HKT and BBOBS records, but the BBOBS data show greater high frequency noise than the HKT data (Pulliam et al. [4] ). The reason for the discrepancy in higher frequency noise content between the two seismographs is revealed by an examination of coherence between components of the BBOBS and HKT seismographs and from respective power spectral density (PSD) estimates. Body wave portions of the records were compared. The arrivals on the BBOBS match HKT arrivals quite well in terms of timing but tend to underestimate the larger amplitude excursions. The PMD seismometer generally performed well in these tests but showed unexpectedly high intrinsic noise at frequencies above 1 Hz and produced occasional spikes (more frequently during tests on land than in water) that were confined to single component at a given time. The question was raised whether the spikes were related to heat. The seismometer and OBS package seem promising for regional and teleseismic studies of regional deep Earth structure, including site characterization to provide design criteria for seafloor engineering projects (such as drilling and production platforms and pipelines), investigations of geohazards (such as landslides, salt slumping events, etc.), and monitoring local seismicity in the ocean basins. However, the results are less encouraging for detecting and locating small-magnitude local and near regional events.
The inland lake test was carried out at Lake Travis for the sole purpose of testing the aquatic deployment of this instrument. Because of the nature of the test, these data are not presented, nor discussed here.
The on land tests carried out in a research facility of the University of Texas at Austin (ATX), located 10 Km west of Austin, Texas, recorded signals that showed high noise levels at frequencies higher than 0.9 Hz. This noise was associated to the vehicular traffic and human activity after analyzing the temporal variability of the data, and by computing an intensification factor (IF), estimated as the ratio of the average of the noisiest interval of the day to the quietest interval of the day. From Monday through Friday the IF reached a maximum value of 10 within the frequency band of 4.5 to 10 Hz for the vertical component, and a value of 6 for both horizontal components in the frequency band of 2-10 Hz. For Sundays, the IF reduced significantly (almost vanished) reaching a maximum factor of 2 and 1.5 for the vertical and horizontal components, respectively, within the frequency band of 0.9-20 Hz. No variation in noise level was observed any day at frequencies below 0.9 Hz. This is a clear indication that mainly the vehicular traffic and human activity, which are reduced during the weekends, are the main contributors to increase noise level at frequencies of 0.9 Hz and higher.
RECORDED DATA IN THE GULF OF MEXICO EXPERIMENTAL SITE
The site was first surveyed using a 3.5-kHz echo sounder to find a location sufficiently flat to accommodate the instrument. Once the BBOBS was deployed and the instrument had settled on the seafloor at 1478 m (4848 ft) below sea level, two short seismic lines were shot across the instrument's drop location using a small (60 in 3 ) air gun, for the purpose of locating and orienting the instrument on the seafloor (Nakamura et al. [5] ). Recording began at 12h: 00m: 00.5s CDT of July15, 1999, and continued without interruption for four weeks at a rate of 40 samples per second on three channels (vertical (V), horizontal-1 (H-1), and horizontal-2 (H-2) components). On the day the BBOBS was recovered (August 12, 1999), two short crossing seismic lines were again shot over the instrument with the small air gun to locate and orient the instrument on the seafloor and then an acoustic signal was sent to release the instrument from its anchor on the seafloor. Details about the cruise activities can be found in Nakamura [6, 7] . Thirty-two earthquakes of different magnitudes and epicentral distances were recorded during the four-week deployment. Pulliam et al. [4] studied in detail the recorded earthquake signals and analyzed the earthquake magnitude versus distance to reveal a rough detection threshold for comparison to the highly sensitive, well-situated HKT station. Huerta et al. [8] analyzed time series of earthquake and background noise signals recorded by the BBOBS. Two different background noise time series of 36m 16s each, differing in their spectral amplitudes, and five earthquakes: one near the California-Nevada border, one in the Gulf of California, one in Nicaragua, one in Ecuador, and one in Chiapas, Mexico. Earthquake parameters appear in Table 1 . Huerta et al. [8] concluded that the background noise recorded by the BBOBS was associated with wind speed (including a time lag) and strongly correlated with wave height in the vicinity of the deployment site, as recorded by three permanent-moored weather buoys operated by NOAA. The signal-generated noise may be explained by scattering, as well as by amplification of shear modes in soft sedimentary layers, as determined through modeling of horizontal-to-vertical spectral ratios. However, another potential explanation is ringing due to imperfect coupling between the BBOBS and the seafloor. Figure 3 shows a 12-hour record of vertical component ground motion collected with the UTIG BBOBS at the GOM experimental site. 
DATA PROCESSING
Simulated drum records of ocean bottom ground motion versus time were plotted as in Fig. 3 . We visually inspected and selected the appropriate types of signals to use in the frequency domain analysis, which consisted of Fourier transform and power spectral density (PSD) estimations. Several local, regional, and teleseismic events were clearly evident. Significant differences in background noise levels between horizontal and vertical components were also evident.
For unit conversion from digital units (DU) to physical units of ground motion in velocity (m/s), we used the nominal conversion factors (of the whole system: sensor and recording package) of 2.6x10 -9 (m/s)/DU. The D.C. offset was removed from the selected time series. In computing PSD from background noise, more stable and reliable PSD estimates were obtained with larger ensembles of time series in the averaging process.
PSD spectrum estimates
In general, this process follows general rules of Fourier analysis, like those described in Oppenheim and Shafer [9] , and Bendat and Piersol [10] . PSD spectral estimations were obtained using time series segments of 36m 16s (87,040 samples), and averaging 82 sub-segments of 4096 points each in length with an overlap of 75%. The averaged PSD estimates were then normalized by multiplying by the frequency increment ∆f, and the amplitude scaling factor, and dividing by the number of data points, N. Finally, after the instrument correction was applied, the spectral amplitudes were transformed to units of acceleration by applying the ω 2 factor.
Instrument correction
The nominal sensitivity (gain constant) of the PMD sensors was 1500 V/(m/s). When no instrument correction was made, the nominal conversion factor of the whole system (2.6x10 -9 (m/s)/DU) was applied for the unit conversion from DU to velocity for the spectral analysis processing.
The instrument correction was applied following the standard procedures in three steps. First, the conversion from DU to V/(m/s) by multiplying the DU by the factor 10 V/(2 14 ×312.5). Second, the PSD estimates, thus obtained, were divided by the sensor transfer function. Finally, the PSD spectral amplitudes located above the high cut-off frequencies of the anti-alias filter were corrected by dividing the sensor corrected PSD estimates by the transfer function of a 10-Hz Butterworth low pass filter, with -24 dB/octave.
EARTHQUAKE DATA
Five earthquakes were selected to analyze the spectral characteristics of the site response upon dynamic excitations. These selected earthquakes are representative of shallow and deep earthquakes occurred at epicentral distances ranging from 9 o to 33.9 o (see Table 1 for other details). In Fig. 4 four events are presented (vertical, horizontal 1, and horizontal 2 components, top to bottom order) in order to show the seismic phases and to provide a brief discussion of their characteristics in the time-domain.
For the event occurred offshore Ecuador (epicentral distance 33.9 o ), clear P-arrivals are evident. In this case, however, S-arrivals had small-amplitude.
The Chiapas earthquake (epicentral distance 9 o ) shows a clear P-and S-arrivals in addition to the waterborne T-phase, available only in the oceans.
The waveforms of the events occurred in the Gulf of California (epicentral distance 13. , respectively. The Pand S-arrivals are much less impulsive, rendering them difficult to identify, particularly in the case of the California-Nevada earthquake.
EARTHQUAKE SPECTRAL ANALYSIS
The spectral representations of the earthquakes shown in Fig. 4 are given in Figs. 5-8, in which the vertical, horizontal 1, and horizontal 2 components are shown with solid, dash, and dash-dot lines, respectively. The analysis of their PSD spectral characteristics was conducted using: (i) the whole record, (ii) P-, and S-arrivals together, (iii) P-arrivals alone, (iv) S-arrivals alone, (v) coda portion of S-arrivals, (vi) T-phase for the Chiapas earthquake, and (vii) background noise when available. 
. The ratio reaches a maximum at 2.0 Hz by a factor of two orders of magnitude in the log scale. The second and third vibration modes are identifiable at frequencies of 6.5 and 11.5 Hz, respectively. There is no distinction of the spectral amplitudes between the different segments of the record in the whole frequency range but for frequencies of 0.3 Hz and lower. Figure 6 . Gulf of California earthquake PSD characteristics. Time windows of: 1-2000 s, 500-1500 s, 500-900 s, 900-1500 s, 1500-2000 s, and 1-550 s, labeled with numbers 1 through 6, corresponds to the whole record, P-& S-arrivals, P-arrivals alone, S-arrivals alone, coda portion of S, and noise portion at beginning of record, respectively. Also, the frequency domain representation of the Ecuador earthquake is shown in Fig. 7 . The maximum peak amplitudes are located at 0.2, 2, 6.5, and 11.5 Hz. Starting at 0.2 Hz the amplitudes of the horizontal components (segmented lines) are larger by an order of magnitude in the log scale than the amplitudes of the vertical component (solid lines) the maximum ratio is reached at 2.0 Hz by a factor of two orders of magnitude in the log scale. The second and third vibration modes are identifiable at the frequencies of 6.5 and 11.5 Hz, respectively. There is no significant distinction of the spectral amplitudes between the different segments of the record in the whole frequency range, but slight variations at frequencies lower than 0.3 Hz.
The frequency domain representation of the CaliforniaNevada earthquake is shown in Fig. 8 . The maximum peak amplitudes are located at 0.4, and 11.5 Hz. It is clear that beyond 0.2 Hz the amplitudes of the horizontal components (segmented lines) are once again larger by an order of magnitude in the log scale than the amplitudes of the vertical component (solid lines) with their ratio reaching the maximum at 2.0 Hz by a factor of two orders of magnitude in the log scale. The second vibration mode is not identifiable at frequency of 6.5 Hz but is the third vibration mode at 11.5 Hz. There is no significant distinction of the spectral amplitudes between the different segments of the record in the whole frequency range, but for frequencies lower than 0.3 Hz. From the analysis of the PSD characteristics of the earthquake signals with low spectral amplitudes (Gulf of California, Ecuador, and California-Nevada earthquakes) we can observe the following common features: there is an increase of the horizontal amplitudes with respect to the vertical amplitudes in the frequency band of 0.3-20 Hz, the maximum increase being located around 2.0 Hz. There is a consistent peak of the spectral amplitudes around 0.45 Hz except for the Ecuador earthquake. The fundamental, second, and third vibration modes are quite well defined at 2.0, 6.5 and 11.5 Hz, except for the California Nevada earthquake in which the peaks of the second and third modes are not evident. This discrepancy may be due to a directivity effect or a threedimensional effect in the medium.
The Chiapas earthquake (Fig. 5 ) is the one with the largest spectral amplitudes. Around the fundamental vibration mode, which is located around 2.0 Hz, the spectral amplitude is five orders of magnitude larger (in a log scale) than the low amplitude earthquakes. The second and third high modes are quite well defined at 6.5, and 11.5 Hz, respectively. The above is consistent with the observed features of the low spectral amplitude earthquakes. There is not a clear distinction of the spectral amplitudes between the vertical and horizontal components. The record portion with the largest spectral amplitudes belongs to the T-phase (line labeled # 3), and the lowest to the coda portion of the S-arrivals (line labeled # 6).
Is important to point out that for all earthquakes here discussed, the spectral amplitudes of the different portions of the record show significant variations only at frequencies lower than 0.3 Hz.
LOCAL SITE RESPONSE: GENERAL CONCEPTS
Local site effects resulting from dynamic input have been documented and studied since the 1950's by Kanai et al. [11] , Gutenberg [12] and more recently by Roesset and Whitman [13] , Aki [14] [15] [16] , Seale and Archuleta [17] , Anderson et al. [18] , Bard [19] , Field and Jacob [20, 21] , and Theodulidis et al. [22] among others.
The study of the response of a soil deposit subjected to dynamic loading, caused either by seismic excitation or prescribed forces, falls into the area of wave propagation theory. The formalism to study the propagation of waves in layered media was first presented by Thomson [23] and Haskell [24] based on the use of transfer matrices in the frequencywavenumber domain. The solution technique resolves the loads in terms of their spatial and temporal Fourier transforms, and formally corresponds to the use of the method of separation of variables to find solutions to the wave equation. In the transfer matrix method, the state vector (Z), which relates displacement (D) and stress (τ) at a given interface, is related to the one at the adjacent interface by the expression , where
j is the transfer matrix of the j th layer, and is a function of the frequency of excitation ω, the wave numbers k (in-plane) and l (out-of-plane), the soil properties, and the thickness of the layer. For the particular case of plane waves (plane strain), l is zero, and H j then has a structure such that motions in vertical planes (SV and P waves) are uncoupled from motions in horizontal planes (SH waves).
In engineering seismology, studies of site characterization and local site effects are carried out by means of instrumental as well as numerical approaches. In other words, site effects can be measured in-situ through direct observation of dynamic motions or estimated by numerical modeling based on available geotechnical information. Bard [19] presents a detailed general review of the current methodologies in use for analysis of local site effects.
The stiffness matrix approach (Kausel and Roesset [25]).
Consider a layered soil system, and isolate a single layer and preserve the equilibrium by applying external loads at the upper and the lower interfaces. From Z j+1 =H j Z j we have. The global load vector then corresponds to the prescribed external stresses at the interfaces.
Stiffness matrix for a SH-wave traveling in a single layer
In the diagram shown below, α denotes the incidence angle of incoming wave; l, m, and n the direction cosines for the displacements U, V (SH-waves), and W; A SH and A' SH the amplitudes of SH-waves traveling in the positive and negative directions of the z-axis; and C s , ρ, ξ, h, and σ are the shear wave velocity, the density, the damping, the layer thickness, and the Poisson ratio of the soil layer, respectively. 
Modeling local site response
We started the forward modeling process by propagating a vertically incident P-, SV-, and SH-wave field of unit amplitude and computed the theoretical H/V spectral ratio at the desired interface. The theoretical and experimental H/V spectral ratios were compared and the inversion process was iterated until a theoretical H/V spectral ratio that best fits (under the least squares criteria) with the experimental H/V spectral ratio from the noise and/or earthquake measurements was found.
Geometry and initial model parameters of the GOM site
We discretized a 50 m (164 ft) deep sedimentary layer into three layers resting over a half-space with a water layer of 1475 m (4840 ft) at the top. (Table 2 ). 
RESULTS

Experimental H/V spectral ratios.
Experimental H/V spectral ratios obtained with background noise time series are shown in Fig. 10 . Note that for the time series with large spectral amplitudes (Fig. 10a ) the H/V spectral amplitude peak at 1.9 Hz is better defined than the H/V spectral ratios obtained with the time series with low spectral amplitudes (Fig. 10b) . Figure 10c shows the average of both horizontal spectral ratios shown in Figs. 10a, and 10b .
Experimental H/V spectral ratios obtained with signals from the earthquakes with same magnitude, one located in California-Nevada border region (m b = 5.1) and the other in the Gulf of California (m b = 5.1) are shown in Fig. 11 . It is important to point out that in Figs. 11a, and 11b the H/V spectral amplitude peak at 1.9 Hz is equally well defined. However, significant differences are evident at frequencies larger than 2.5 Hz, however. Further work should address this observation. Figure 11c shows the average of both horizontal spectral ratios shown in Figs. 11a, and 11b .
Experimental H/V spectral ratios obtained with time series of earthquakes with different magnitude, one located in South America (m b = 5.9) and the other in Central America (m b = 4.9) behave almost identically as those described on Fig. 11 , and are therefore not shown here.
Transfer functions for SH-wave
Transfer functions of the 5-, 10-, and 35-m layers, the cumulative first and second layer (15 m), the cumulative second and third layer (45 m), and the whole 50 m modeled three layer soil system are shown in Fig. 12 . It should be noticed that: (a) the upper five meters of marine sediments has a single amplification peak at 4.5 Hz; (b) for the 10 m layer, the amplification peaks are at 2.9 and 6.2 Hz, while a deamplification peak is at 4.5 Hz; (c) three significant amplification peaks for the 35 m thick third layer are located at 1.9, 3.8, and 9 Hz, and one significant de-amplification peak is at 6.2 Hz; (d) the cumulative effect of the upper 15 m (the first and second layer) shows two single amplification peaks at 2.9 and 6.2 Hz, which makes the amplification of the upper 5 m layer reduced significantly; (e) the cumulative effect of the second and third layers (45 m in total thickness) shows an amplification peaks at 1.9, 3.9, 6.2, and 9 Hz, and a single deamplification peak at 4.5 Hz; and (f) the transfer function of the upper 50 m, the whole three-layer soil system, shows four amplification peaks at 1.9, 3.9, 6.2, and 9 Hz. The final parameters of the model we obtained from the inversion process are given on Table 3 . Figure 11 . H/V spectral ratio from earthquake data. 
Spectral characteristics of recorded earthquakes
Low amplitude earthquake signals show an increase of the horizontal amplitudes in the frequency band of 0.3-20 Hz, the maximum increase is located around 2.0 Hz. A consistent spectral amplitude peak around 0.45 Hz is evident but for the Ecuador earthquake. The fundamental, second, and third vibration modes are quite well defined at 2.0, 6.5 and 11.5 Hz, except for the California Nevada that do not show the peaks of the second and third order vibration modes. Directivity effect or a three-dimensional effect in the medium may be an explanation of that, is currently under study.
The Chiapas earthquake, which produced the largest spectral amplitudes, clearly shows the fundamental vibration mode, which is located around 2.0 Hz. These spectral amplitudes are at least five orders of magnitude larger (in a log scale) than the low amplitude earthquakes. The second and third vibration modes are quite well defined at 6.5, and 11.5 Hz, respectively. The above is consistent with the observed features of the low spectral amplitude earthquakes. However, there is not a clear distinction of the spectral amplitudes between the vertical and horizontal components. The largest spectral amplitudes correspond to the T-phase (line labeled # 3), and the lowest to the coda portion of the S-arrivals (line labeled # 6). 
DISCUSSION AND CONCLUSIONS
Under certain marine environmental conditions, shear waves in marine sediments play a significant role in bottominteracting ocean acoustics (Hovem et al. [26] ). Godin and Chapman [27] measured the seismo-acoustic ambient noise at the seafloor with an OBS equipped with geophones and an hydrophone to measure the particle velocity at the top of the sediment layer, and the pressure in the water layer just above. They found that the shear wave resonance in marine sediments was large enough to be a significant factor in bottominteracting ocean acoustics, even in a thin sediment layer over a rock substrate.
In our experiment, we measured the velocity ground motion of background noise and earthquakes recorded at the seafloor in a Gulf of Mexico (GOM) site. Using both background noise and earthquake measurements we computed H/V spectral ratios in the frequency band of 0.1 to 10 Hz. The H/V spectral ratios were used to evaluate the local site effect caused by the soft marine sediments. The local site effect was compared with numerical simulations obtained using the 1-D wave propagation stiffness matrix method developed by Kausel and Roesset [25] . The spectral characteristics of the recorded earthquakes were analyzed in terms of the Power Spectral Density (PSD) of acceleration, instead of the classical Fourier spectra. We found that by: (i) using PSD, instead of classical Fourier spectra, (ii) using a large number of time series, and using (iii) large duration of time series of six-hours or more, the averaging process defined the peaks of the experimental H/V spectral ratio even at low energy levels of background noise. This simply means that an increase in the signal-to-noise ratio of the system occurred due to this signal processing. In the statistical sense, the averaging process removed the nondeterministic part of the signal and helped to obtain smooth curves. The characteristics of the experimental curves of the H/V spectral ratios, obtained either with background noise or earthquakes were associated with the preferential vibration modes of the layered sediment system. These results were consistent with the numerical simulated H/V spectral ratios, particularly at resonant peaks located at 2, and 6.5 Hz. From the iterative, forward-modeling process in which the theoretical H/V spectral ratio that best matched the experimental H/V spectral ratio was found, we ended with a proposed geometry and physical parameters of a layered sediment system. Shear wave velocities as low as 90 m/s for the top 5-m thick layer of marine sediments and 190 m/s for the following 10-m thick layer of sediments agreed with soft sediment velocities reported in the literature for marine sediments and some other nonmarine sediments sites such as the soft clays of the Mexico City valley. It should be noted, however, that our forward modeling scheme does not identify a unique solution.
Godin and Chapman observed in their experiment that the shear wave resonance in marine sediments was large enough to be a significant factor in bottom-interacting ocean acoustics, even in a thin sediment layer over a rock substrate. They found large resonance effects were present in the horizontal geophone, but these resonances were absent on the hydrophone. They hypothesize that the water column supports a diffuse infrasonic noise field that is horizontally isotropic, but which may have some vertical directionality. This noise field interacts with the elastic seabed generating vertically polarized shear waves (SV waves). According to the above, shear modes in the seafloor sediments result from an infrasonic noise field generated in the water column that interacts with the elastic seabed and excites soft soils. The strongest generation of shear waves would occur at the large impedance contrast at the sediment/rock interface. Multiple transits of the sediment layer by the shear wave give rise to resonance at frequencies that favor constructive interference.
The results discussed of our GOM experiment, agrees with the statements of Godin and Chapman regarding that the shearwave energy is enhanced because of: (i) an infrasonic noise field generated in the water column interacts with the elastic seabed and excites soft soils, (ii) large impedance contrast at the sediment/rock interface, and (iii) multiple transits in the sediment layer by the shear wave give rise to resonance effect. In our particular case, the energy increase occurs in the frequency range of 0.3-10 Hz, with the largest amplification at 2 Hz.
Regarding to the spectral characteristics of the earthquakes here discussed, the amplitudes of the horizontal components are enhanced in the frequency band of 0.3-20 Hz, and the largest increase is located around 2.0 Hz. The fundamental, second, and third vibration modes are quite well defined at 2.0, 6.5 and 11.5 Hz, except for the California Nevada that do not show the peaks of the second and third order vibration modes. The Chiapas earthquake, the one with the largest spectral amplitudes, shows the fundamental vibration mode at 2.0 Hz. These spectral amplitudes are at least five orders of magnitude larger (in a log scale) than the low amplitude earthquakes. The second and third vibration modes are quite well defined at 6.5, and 11.5 Hz, respectively. The above characteristics are consistent with the observed features of the low spectral amplitude earthquakes.
However, there is not a clear distinction of the spectral amplitudes between the vertical and horizontal components.
The largest spectral amplitudes correspond to the T-phase.
Is important to point out that the H/V spectral ratio obtained with data from the earthquakes located in the California-Nevada border region and in Central America, do not show the 3.9 and 6.5 Hz peaks. These peaks are well defined in the H/V spectral ratios obtained with background noise measurements and with data from the earthquakes located in the Gulf of California and in South America. Our current interpretation of this difference suggests that this effect could be produced by directivity of the energy arrival, or by differences in the energy levels at frequencies larger than 2.5 Hz. Further work should address this observation in the future.
Modeling H/V spectral ratios of data recorded by threecomponent UTIG BBOBS, offers a fast and an inexpensive means of obtaining information of the preferential vibration modes of soft sediment systems for use in design criteria for seafloor engineering projects (such as drilling and production platforms and pipelines), investigations of geohazards (such as landslides, salt slumping events, etc.), and monitoring local seismicity in the ocean basins. This method makes use of background noise and earthquake signals when available, so that it is not necessary to supply an active source to conduct the study, neither wait for an earthquake. The method is well suited for modeling shallow sediments, which cover the great majority of the seafloor. Also the BBOBS is small, lightweight and inexpensive and operates autonomously so that it is simple and quite inexpensive to use.
